Despite the growing interest in topological materials, the difficulty of experimentally synthesizing and integrating them with other materials has been one of the main barriers restricting access to their unique properties. Recent advances in synthesizing metastable phases of crystalline materials can help to overcome this barrier and offer new platforms to experimentally study and manipulate band topology. Because III-V semiconductors have a wide range of functional material applications (including optoelectronic devices, light-emitting diodes, and highly efficient solar cells), and because Bi-doped III-V materials can be synthesized by ion plantation and ion-cutoff methods, we revisit the effect of bismuth substitution in metastable III-V semiconductors. Through first-principles calculation methods, we show that in wurtzite structure III-V materials, Bi substitution can lead to band inversion phenomena and induce nontrivial topological properties. Specifically, we identify that GaBi and InBi are Dirac-Weyl semimetals, characterized by the coexistence of Dirac points and Weyl points, and GaAs0.5Bi0.5, GaSb0.5Bi0.5, InSb0.5Bi0.5 are triple-point semimetals, characterized by two sets of "near Dirac" triple points on the Fermi level. These experimentally-accessible bismuthbased topological semimetals can be integrated into the large family of functional III-V materials for experimental studies of heterostructures and future optoelectronic applications. arXiv:1911.02560v1 [cond-mat.mtrl-sci] 
I. INTRODUCTION
The interplay between topology and solid-state materials has given rise to numerous novel properties. Topological semimetals [1] [2] [3] [4] , for instance, are characterized by high-mobility charge carriers 5, 6 (which can potentially enable high-performance photovoltaic devices, 7,8 solar cells, 9 and photodiode detectors for telecommunication industry 10, 11 ) and exotic electromagnetic responses arising from their nontrivial topological nature 12 (including the gyrotropic magnetic effect 13 , second-harmonic generation 14, 15 , the chiral magnetic effect, and large magnetoresistance [16] [17] [18] , which are useful in information storage).
In order to unlock the potential of these applications, it is necessary to find or synthesize robust and versatile material realizations of topological semimetals. These materials would ideally offer processing and manufacturing possibilities similar to hallmark III-V semiconductor materials such as GaAs or InSb. One promising strategy is to start with the class of III-V materials and search for topological semimetals within this class using compositional substitution or alloying techniques. A first step in this direction has been taken by theoretically considering the effect of bismuth substitution in zincblende III-V materials 19 on the electronic structure. In the case of zincblende GaBi and InBi it was shown that Bi substitution induces a band inversion and generates a topological semimetal similar to HgTe. 20 With proper amount of Bi substitution, applying uniaxial strain then provides access to the topological insulator phase. Furthermore, in zincblende materials with CuPt type-B ordering, including InP 0.5 Sb 0.5 , InAs 0.5 Sb 0.5 , the spin-orbit coupling strength, which is originally linear in momentum, could be further augmented by local disorder. Because the local disorder does not average out in nano-scale supercells, the spin-orbit coupling strength is further enhanced, making these materials triple-point semimetals, which act as a bridge connecting Dirac semimetals and Weyl semimetals 21 .
To further explore avenues for realizing topological phases in III-V materials, it is important to broaden the space of compounds and crystal structures, including metastable phases and alloys. In this regard, it is encouraging that various experimental approaches, such as ion-implantation methods and ion-exchange methods, provide the capability to synthesize several metastable wurtzite III-V nanostructures. [22] [23] [24] Among the various III-V materials, only the nitride-based compounds naturally crystallize in wurtzite phase. In most other cases, including the aforementioned Bi-substituted compounds, the zincblende phase is more stable. Modern experimental techniques for material synthesis, however, make metastable phases a promising focus of potential applications.
Based on these motivations, in this work we revisit the effect of bismuth substitution by focusing on Bisubstituted III-V materials in the wurtzite phase. Previous studies on ternary LiGaGe-type materials, which crystallize in a stuffed wurtzite structure and the same space group as the wurtzite III-V materials, have shown that this general class of crystal structures can host various types of topological semimetals. For instance, SrHgPb 25 was predicted to a realize a Dirac-Weyl semimetal, exhibiting both Dirac and Weyl points, and CaAgBi 26 was predicted to host type-I and type-II Dirac points. Therefore, in this work we employ first-principles methods to study the topological properties of wurtzite III-V materials and show that wurtzite GaBi and InBi are Dirac-Weyl semimetals characterized by the coexistence of Dirac points and Weyl points. The Dirac points on the k z axis are induced by a band inversion and protected by C 6v point group symmetry, and the six pairs of Weyl points are on the k z = 0 plane; this coexistence pattern is similar to the case of SrHgPb. 25 We furthmore implement an alloying strategy and show that the alloys GaAs 0.5 Bi 0.5 , GaSb 0.5 Bi 0.5 , InSb 0.5 Bi 0.5 , when the point-group symmetry is reduced to C 3v , are triple-point semimetals, characterized by two sets of triple points on the k z axis in close proximity to the Fermi level. The splitting between the bands which form the triple points is negligible compared to the topologically nontrivial energy window of these materials, making these systems near-Dirac semimetals.
II. III-V MATERIALS: CRYSTAL STRUCTURES
Whereas minerals such as AgI, ZnO, AlN, GaN, and InN naturally occur in a wurtzite crystal structure, 27 the well-known conventional semiconductors GaAs, GaSb, and InSb crystallize in the zincblende structure. 28 Similarly, the Bi-based III-V materials studied here are most stable in the zincblende structure, except for InBi, which instead is most stable in the lead oxide structure 29 . The wurtzite structure, which is closely related to the zincblende structure, is only metastable. 30 The wurtzite structure can thought of as buckled diatomic honeycomb bilayers stacked in the c direction, as shown in Fig. 1 . In this structure with space group P 6 3 mc (No. 186) and associated point group C 6v , all atoms are four-fold coordinated (see Fig. 1 )-as is the case for the zincblende structure. The close structural and electrochemical similarity of the wurtzite and zincblende structures can be understood by comparing the view along the (111) direction of the zincblende structure to the top view of wurtzite structure. The views are similar, and moreover, expose the deformation which brings the wurtzite structure into the zincblende structure. Specifically, the latter is obtained by deforming the former such that the four-fold coordinated atoms form perfect tetrahedra.
Given that the (metastable) wurtzite III-V materials are structurally similar to the zincblende materials, it is not surprising that they exhibit similar electronic properties. In particular, Bi substitution is expected to cause a band inversion in both cases, leading to topologically nontrivial electronic structure. In the case of zincblende materials this was pointed out in Ref. 19 ; here we report the topological properties of the wurtzite compounds.
Despite qualitative similarities, such as the presence of a band inversion, the Bi-substituted zincblende and wurtzite materials exhibit important differences in their electronic structure, which are rooted in the distinct (point group) symmetry of the two structures. In par-ticular, the wurtzite structure is characterized by a principal six-fold screw axis (see Fig. 1 ), which implies that all energy bands are manifestly two-fold degenerate along the rotation axis, i.e. the k z axis in Fig. 1 . As a result, an inversion of bands with different symmetry quantum numbers necessarily gives rise to a protected Dirac point crossing along the k z axis. 1, 3 In the next section, we show that this indeed occurs in the Bi-substituted wurtzite III-V materials. 
III. Bi-BASED III-V MATERIALS: DIRAC-WEYL SEMIMETAL
To obtain the electronic structure of the Bi-substituted III-V materials in the wurtzite structure, we employ firstprinciples density-functional theory (DFT) calculations. Details of the computational methodology are presented in Appendix A. The energy band structures of GaBi and InBi (shown in Fig. 2 ), both with and without spin-orbit coupling, demonstrate the effect of Bi-substitution: a band inversion occurs involving Γ 8 and Γ 9 bands at the zone center. The Γ 9 band consists of j z = ± 3 2 p-states, whereas the Γ 8 band consists of j z = ± 1 2 s-states. The key consequence of the inverted band ordering in GaBi and InBi is the presence of symmetry-protected energy band crossings on the Γ − A high symmetry line, located at k D = (0, 0, ±0.287)Å −1 and k D = (0, 0, ±0.201)Å −1 , and with energies E − E F = −0.07 eV and E − E F = −0.05 eV, respectively. These band crossings realize band inversion-induced Dirac points of the kind first proposed for, and observed in, Na 3 Bi. 3 As mentioned in the previous section, the double degeneracy of all bands along the Γ − A line can be derived from a two-fold screw rotation symmetry, which is contained by a six-fold screw axis. The Dirac point crossing is protected by the different symmetry properties of the Γ 8 and Γ 9 bands. This distinction critically relies on the six-fold (screw) rotation (i.e. point group C 6v ); breaking rotation symmetry allows the bands to couple and hybridize, generating a Dirac mass and giving rise to a topological insulator phase. In addition to the Dirac points stabilized by (screw) rotation symmetry, we also find Weyl points in the k z = 0 plane, perpendicular to the screw rotation axis. The Weyl points also originate from the band inversion, as evidenced by Figs. 2(c) and (d), but do not occur on highsymmetry lines. In GaBi, for instance, one pair of the Weyl points is located at k W± = (±0.069, 0.194, 0)Å −1 , with the energy of E −E F = 0.156 eV; the location of the remaining pairs can be obtained by rotation symmetry.
To visualize the distribution pattern of Weyl points, we provide the logarithmic plot of the energy difference between the conduction band and valence band, as shown in Fig. 3(b) , where the twelve light points correspond to the Weyl points. Note that the local stability of Weyl points in the k z = 0 plane follows from a combined symmetry involving time-reversal and two-fold rotation. 31 The coexistence pattern of Dirac and Weyl points is summarized in Fig. 3(a) , showing both Dirac points on the k z axis (black dots) and Weyl points on the k z = 0 plane (green and blue dots). Such coexistence was first predicted to occur in a class of hexagonal ABC materials with the same space group in Ref. 25 , showcasing SrHgPb as an example. Dirac-Weyl semimetals of this kind raise the prospect of studying the interplay between Dirac and Weyl electrons, in particular considering the large distance between Weyl points in momentum space.
Here we show that Bi-substituted III-V materials in the wurtzite structure are candidate materials for realizing Dirac-Weyl semimetals.
To robustly prove the nontrivial topology of the Weyl points we determine the chiral charge by calculating the integral of Berry curvature over a sphere enclosing each Weyl point, with a radius of 0.005Å. Specifically, we calculate C = 1 2πi dS · B(k) with the Berry curvature B(k) defined as B(k) = ∇ k × occ. u n (k)|∇ k |u n (k) , where the sum is over all occupied bands labeled by n. The chirality of each Weyl point is shown in Fig. 3(a) , where the green dots indicate chirality C = +1 and blue dots C = −1. Since Weyl points with chirality +1 and −1 are the sources and sinks of Berry curvature, respectively, we plot the Berry curvature B(k) as function of (k x , k y ) in the k z = 0 plane, shown in Fig. 3(c) , as a graphical representation of the nontrivial topology. The Weyl points are labeled by green and blue dots and are shown to indeed correspond to sources or sinks.
An important consequence of nontrivial bulk topology is the appearance of surface states. In the case of Weyl electrons, Fermi arc surface states must connect the projections of the Weyl points onto the surface Brillouin zone. In the present case, where the Weyl points are located in the k z = 0 plane, Fermi arc surface states are expected on the (001) surface. To verify this, we calculate the surface spectral function at the Weyl point energy E − E F = 0.156 eV and show the result in Fig. 3(d) . The central hexagon corresponds to the bulk states because the energy is not chosen to be the Fermi energy E F , and the six lines around that hexagon, which connects Weyl points of opposite chirality, correspond to the surface Fermi arc states, which, in the case of Weyl points, are protected by topology and are robust against weak external perturbations. These topological Fermi arcs could be detected by angle-resolved photo-emission spectroscopy as the signal of the topological nature of these materials. 32, 33 
IV. Bi-BASED III-V ALLOYS: TRIPLE-POINT SEMIMETALS
The presence of both Weyl and Dirac points in Bisubstituted GaAs and InSb is encouraging, yet for application purposes it is desirable to have topological band crossings right at the Fermi energy. As shown by Fig. 2 , the Dirac points are below the Fermi energy and associated with an electron pocket, whereas the Weyl points are above the Fermi energy and associated with a hole pocket. Aiming to remedy this, we employ an alloying strategy inspired by similar work on zincblende III-V materials 19 . By alloying normal insulators GaAs, GaSb, and InSb with Dirac-Weyl semimetals GaBi and InBi the series of alloys GaAs 0.5 Bi 0.5 , GaSb 0.5 Bi 0.5 , and InSb 0.5 Bi 0.5 can be obtained; the crystal structures of GaAs 0.5 Bi 0.5 , which is taken as an example, is shown in Figure 4(a) .
The main effect of alloying is to tune the strength of spin-orbit coupling, which directly affects the band inver- 
sion. A material which is still inverted but closer to the band inversion transition is likely to exhibit protected
Dirac band crossings at the Fermi energy, without additional Fermi surface. We find that this is indeed the case for GaAs 0.5 Bi 0.5 , as shown in Fig. 4(b) : the crossing of energy bands on the Γ − A line is now at the Fermi energy. Alloying, however, also reduces the point group symmetry; in case of GaAs 0.5 Bi 0.5 and similar alloys the symmetry is reduced from C 6v to C 3v . This has implications for the degeneracy of energy bands, in particular on the rotation axis, and affects the protection of Dirac points. When rotation symmetry is reduced to threefold, the j z = 3 2 states are no longer degenerate on the k z axis but instead are split (except for the time-reversal invariant points). As the result, the Dirac points are split into triple points, giving rise to a triple-point topological semimetal. 34 In the case of GaAs 0.5 Bi 0.5 this is clearly shown in the bottom panel of Fig. 4(c) .
The electronic states in the vicinity of the triple points can be well-described by the low-energy k·p Hamiltonian derived in Ref. 21 . Adapted to the present case, the Hamiltonian is given by
where here k x and k y are interchanged with respect to Ref. 21 , which is due to a different choice of coordinate system. We fit the parameters of (1) to the first- principles band structure calculations and show the result in Fig. 4(c) , which demonstrates that (1) provides a good description of the low-energy electronic structure. The values of the fit parameters are listed in Table I . As suggested by Fig. 4(b) , Fig. 4(c) shows that the splitting of bands on the k z axis as a result of symmetry lowering is small in magnitude. In fact, we find that the splitting is ∆E ≈ 3 meV. Such small splitting and close proximity of the triple points leads to the expectation that semimetals of this kind behave as Dirac semimetals, motivating the term near-Dirac semimetal. Since the near-Dirac point is at the Fermi energy, with no additional electron or hole pockets, such near-Dirac semimetals provide a promising venue for observing signatures of and studying the properties of Dirac semimetals. For instance, it is expected that the Fermi arc surface states can be clearly resolved. To verify this, we calculate the surface spectral function of the GaAs 0.5 Bi 0.5 (100) alloy surface and show the result in Fig. 4(d) , which corroborates that the spectral function closely resembles that of a proper band-inverted Dirac semimetal. 1 It is worth noting that for substitution proportions x = 0.25, 0.75 in GaAs 1−x Bi x a supercell with C 6v symmetry can be constructed, as shown in Appendix D. For x = 0.5 that is not the case, reducing the symmetry to C 3v . In the case of the former, four-fold degenerate Dirac points can be strictly protected by symmetry, and we therefore examine the band structures of GaAs 0.75 Bi 0.25 and GaAs 0.25 Bi 0.75 for an ideal Dirac point crossing. We find that Dirac points exist in both materials; details of them could be found in Appendix D. Combined with the band structures of GaAs, GaAs 0.5 Bi 0.5 , and GaBi, these band structures could further demonstrate the effect of bismuth alloying.
To show the thermodynamic stability of GaAs 0.5 Bi 0.5 , we first calculate its phonon dispersion relation. The calculated phonon modes at Γ point have a small negative mode ω = −17.18 cm −1 without using acoustic sum rules. After applying the sum rules, the negative mode is eliminated and the phonon dispersion relation is everywhere positive, as shown in Figure 5(a) , showing that GaAs 0.5 Bi 0.5 is a metastable crystalline material. Furthermore, we consider the energies of all alloy orderings in a 2 × 2 × 1 GaAs 0.5 Bi 0.5 supercell; the seven orderings are listed in Appendix C, among which the ordering (vii) is the desired triple-point near-Dirac semimetal with C 3v group symmetry. The energies of these alloying orders are shown in Figure 5 (b). From Figure 5(b) , it is shown that the energy of ordering (vii) is lower than the other ordering by at least 0.18 eV per unit cell, which suggests that it is energetically favorable to obtain the proposed triple-point semimetal compared with other disordered crystalline phases which do not host nontrivial topology. In conclusion, these results could show that the triplepoint near-Dirac semimetal structure of GaAs 0.5 Bi 0.5 is more stable than other alloy ordering and could be realized in experiments. 
V. CONCLUSION
In this work, we revisited the effect of bismuth substitution to lead to nontrivial topological properties in metastable wurtizte III-V materials. Based on firstprinciples calculations, full substitution of bismuth would lead to Dirac-Weyl semimetals GaBi and InBi, characterized by the coexistence of Dirac points and Weyl points in the Brillouin zone. By alloying them with normal insulators, the reduction of the spin-orbit coupling strength could remove the additional hole pockets near the Brillouin zone center, and the change of crystal symmetry splits the Dirac points into a set of triple points, making the thermodynamically metastable alloys GaAs 0.5 Bi 0.5 , GaSb 0.5 Bi 0.5 , and InSb 0.5 Bi 0.5 triple point semimetals. The integration of topological properties with conventional wurtzite III-V materials, along with the advanced experimental approaches to synthesizing them, could enrich the family of accessible topological materials and provide new platforms for people to experimentally study the various properties arising from topology.
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Appendix B: Absence of bismuth substitutionnormal insulators
Without bismuth substitution, the wurtzite III-V materials, GaAs, GaSb, and InSb, are normal insulators, as shown in the band structures in Figure B .1. To further analyze these band structures, we define the spinorbit coupling strength of the anions in these materials as the energy difference between p 1/2 -and p 3/2 -states. Under C 6v group symmetry, p 3/2 -states will split into Γ 7 and Γ 9 bands, formed by | 3 2 , ± 1 2 and | 3 2 , ± 3 2 states respectively. To distinguish the Γ 7 band originating from p 1/2 and p 3/2 states, we label them by Γ 7(1) and Γ 7 (2) . Therefore, the spin-orbit coupling strength is expressed as E soc = 1 2 (E Γ9 + E Γ 7(2) ) − E Γ 7 (1) . The energy band gap E gap and E soc of GaAs, GaSb, and InSb can be found in Table B For GaBi and InBi, however, the band gap cannot be defined by the energy difference between Γ 8 and Γ 9 bands. Therefore, we could identify the energy difference between Γ 9 and Γ 8 bands as the band inversion strength. Instead of introducing E bis = E Γ9 − E Γ8 , as what was done in Ref. 19 , we will continue to use the definition of E gap since both quantities only involve the energies of Γ 9 and Γ 8 bands. Therefore, negative band gap indicates that Γ 9 and Γ 8 bands are inverted in our case. These values could also be found in Table B .1. of the Dirac point or from the band inversion strength defined in Appendix B. As is shown in Table D .1, when substituting bismuth into GaAs, which has no band inversion and Dirac points, the spin-orbit coupling strength gradually increases, thus the band inversion strength should increase and the Dirac points move from Γ point to A point.
Although Dirac points exist in both GaAs 0.75 Bi 0.25 and GaAs 0.25 Bi 0.75 , the bands forming the Dirac point are different. In GaAs 0.75 Bi 0.25 , Γ 9 band becomes higher than the Fermi energy due to its stronger spin-orbit coupling strength than GaAs 0.5 Bi 0.5 , but its change is not sufficient enough to induce a band inversion between Γ 9 and Γ 8 bands, so the Dirac point is formed by Γ 9 and Γ 7 bands. And in GaAs 0.25 Bi 0.75 , the Dirac point does come from band inversion between Γ 9 and Γ 8 bands, which is also the case for GaBi. Similarly, it is not on the Fermi level because of the additional electron pockets on the Fermi level. 
